The cis-trans isomerization of proline serves as a regulatory switch in signaling pathways. We identify the proline isomerase Fpr4, a member of the FK506 binding protein family in Saccharomyces cerevisiae, as an enzyme which binds the amino-terminal tail of histones H3 and H4 and catalyses the isomerization of H3 proline P30 and P38 in vitro. We show that P38 is necessary for methylation of K36 and that isomerization by Fpr4 inhibits the ability of Set2 to methylate H3 K36 in vitro. These results suggest that the conformational state of P38, controlled by Fpr4, is important for methylation of H3K36 by Set2. Consistent with such an antagonistic role, abrogation of Fpr4 catalytic activity in vivo results in increased levels of H3K36 methylation and delayed transcriptional induction kinetics of specific genes in yeast. These results identify proline isomerization as a novel noncovalent histone modification that regulates transcription and provides evidence for crosstalk between histone lysine methylation and proline isomerization.
INTRODUCTION
Peptidyl proline can adopt two distinct conformations, cis or trans. In these two conformational states, the dihedral angle (u) of the peptide bond linking the proline to the preceding amino acid (X-P) differs by 180 (Ramachandran and Sasisekharan, 1968) . Consequently, proline isomerization can dramatically affect the secondary structure of a polypeptide. In an unstructured peptide, proline isomerization occurs spontaneously, however, since the cis-peptide bond has a higher free energy, it represents only $10% of the steady-state levels a given peptide in aqueous solution (Ramachandran and Mitra, 1976) . In folded proteins, the majority of peptidyl proline also exists in the trans conformation: 93%-95% of prolines in solved protein structures exists in the trans form (Jabs et al., 1999; Stewart et al., 1990; Weiss et al., 1998) . Although isomerization occurs spontaneously, enzymes have evolved to accelerate the interconversion of proline isomers since adoption of the correct isomer in vivo is frequently the rate-limiting step in protein folding (Schmid, 1995) . Consequently, proline isomerases have been generally described as proteinfolding chaperones.
Proline isomerases catalyze the exchange (cis 4 trans) of proline isomers and can be classified into three families: the parvulins (Pin1 family), cyclophilins, and FK506 binding proteins (FKBPs) (Gothel and Marahiel, 1999) . Pin1 is a regulator of signaling pathways controlling transcription and cell cycle progression and is the only proline isomerase capable of catalyzing the isomerization of pS/T-P bonds (Yaffe et al., 1997) . Pin1 is recruited to phosphoproteins via its WW-domain which specifically binds phosphoserine or phosphothreonine followed by proline (pS/T-P). Recognition of this motif is followed by isomerization of the pS/T-P bond. The list of Pin1 substrates is extensive, and is comprised largely of CDK or cell cycle regulated factors implicated in numerous processes including transcription, splicing, and checkpoint regulation (Wulf et al., 2005) . The involvement of Pin1 in signal transduction suggests that isomerization of proline residues can serve as a regulatory switch controlling the conformation and activity of proteins and provides evidence for crosstalk between proline isomerization and serine/threonine phosphorylation.
Unlike Pin1, the list of confirmed substrates for the cyclophilins and FKBPs is small and the function of these enzymes relatively unclear. Although expressed in a variety of tissues in mammalian cells (Gothel and Marahiel, 1999) , cyclophilins and FK506 binding proteins are best characterized as regulators of calcineurin and hence their importance in immune response in T cells is well documented (Heitman et al., 1992) .
The role of proline isomerases in additional processes is evident from the presence of these in enzymes in characterized enzyme complexes. Yeast Cpr1 is a component of the SET3 histone deacetylase complex and participates in regulation of meiotic gene expression (Arevalo-Rodriguez and Heitman, 2005; Pijnappel et al., 2001) , while Cpr6 and Cpr7 are associated with both Hsp90 chaperones and the Rpd3 HDAC (Duina et al., 1996a (Duina et al., , 1996b . The substrates for these isomerase enzymes are unknown, and the significance of proline isomerase activity in chromatin modifying complexes remains unclear.
Two yeast FKBPs, Fpr3 and Fpr4, are localized to the nucleus and/or nucleolus (Arevalo-Rodriguez et al., 2004; Benton et al., 1994; Manning-Krieg et al., 1994; Shan et al., 1994) . Although closely related (Davey et al., 2000; Dolinski et al., 1997) , Fpr3 and Fpr4 are predicted to have some unique in vivo functions based on the observed accelerated sequence evolution of Fpr4 (Kellis et al., 2004) . Notably, Fpr3 was recently identified as a regulator of the meiotic DNA damage checkpoint (Hochwagen et al., 2005) , and Fpr4 associates with rDNA repeats where it is required for silencing of a reporter gene (Kuzuhara and Horikoshi, 2004) . However, the effects of both Fpr3 and Fpr4 seen in vivo in these reports are not dependent on their proline isomerase activity.
Here, we report that the yeast Fpr4 enzyme is a histone proline isomerase. Like Pin1, Fpr4 contains an additional domain that mediates the enzyme's interaction with its substrate. Fpr4 has activity toward two prolines adjacent its binding site located in the tail of histone H3, and this activity regulates methylation at H3K36 and the induction of transcription. These results suggest that the secondary structure of the tail of histone H3 is regulated at the level of proline isomerization, and that adoption of the correct tail conformation is necessary for both Set2 methylation of H3K36 and the transition from basal to active transcription.
RESULTS

Fpr4 Binds Histone Tails via Its Nucleolin-like Domain
Histone tails appear unstructured and free to adopt different conformations (Luger et al., 1997) . Since prolines are conserved in the histone tails, and their isomerization changes the secondary structure of polypeptides, we reasoned that proline isomerization could regulate histones and chromatin. We therefore explored the possibility that prolyl isomerases may regulate proline conformation within histones. To identify an enzyme that may accomplish this we considered members of the three isomerase families in yeast; parvulins (Ess1), cyclophilins (Cpr1-8), and FK506 binding proteins (Fpr1-4). Given that parvulins selectively isomerize prolines preceded by a phosphorylated serine or threonine (pS/T-P) (Yaffe et al., 1997) , we analyzed the sequence around prolines in each of the four histones. Neither yeast nor human histones contain such motifs, which makes it unlikely that a parvulin enzyme would have histones as a substrate.
We therefore concentrated the cyclophilin and FKBP families. Members that were previously reported to be nuclear or cytoplasmically localized (Cpr1, Cpr6, Cpr7, Fpr1, Fpr3, and Fpr4) were expressed recombinantly and assayed for their ability to bind purified histones in vitro. We reasoned that histone binding would be a good criterion to monitor as other isomerases such as Pin1 and Cyp40 have a distinct domain that targets isomerase activity to substrates (Leverson and Ness, 1998; Lu et al., 1999) . When expressed as a fusion to gluthathione-S-transferase (GST), Fpr4 had the ability to bind H3 and H4 but not H2A or H2B ( Figure 1A) . A related member of the FKBP family Fpr3 (which shares 46% identity to Fpr4) was also found to bind H3 and H4 (data not shown). The binding of Fpr4 to H3 takes place via the H3 amino terminus, as recombinant histone H3 lacking the amino-terminal 21 amino acids (H3 D1-21), is not recovered by GST-Fpr4 ( Figure 1B) .
The sequence of Fpr4 indicates the presence of two distinct domains: a carboxyl-terminal peptidyl-proline isomerase (PPI) domain (aa 280-411), which is common to all four members of the FKBP family and an amino terminal highly charged nucleolin-like (NL) domain (aa 1-280), which is present only in Fpr3 and Fpr4 ( Figure 1C ). To establish which one of these domains is responsible for interaction between Fpr4 and histones, the isomerase (PPI) and nucleolin-like (NL) domains were expressed separately and assayed for binding to recombinant histones ( Figure 1D ). Fpr4's NL domain (GST-Fpr4[NL]) recovered histone H3 and H4 with comparable efficiency to fulllength Fpr4 (GST-Fpr4), while the PPI domain (GSTFpr4[PPI]) displayed no stable interaction with histones H3 or H4. This indicates that the NL domain of Fpr4 mediates histone interaction in vitro.
We next asked which amino acids of histones H3 and H4 are recognized by the NL domain. Given that Fpr4 binding to H3 requires the N terminus ( Figure 1B ), peptides spanning the H3 tail were tested for their ability to recover the NL domain in vitro ( Figure 1E ; peptides 1-16, 19-32, and 29-43) . Only an affinity resin made of H3(1-16) peptide was able to recover the Fpr4(NL) domain ( Figure 1F ), indicating that the binding site for Fpr4 lies in this region. To probe the binding site of Fpr4 on H4 we considered two peptides: H4(1-13), which may be homologous to the Fpr4 binding site on H3 (see below), and H4(24-35) since this region contains the only proline in H4. Figure 1F shows that amino acids 1-13 of H4 are bound by the NL domain, whereas residues 24-35, containing proline 32, are not. Collectively, these results indicate that the NL domain of Fpr4 associates stably with the N terminus of H3(1-16) and H4(1-13). Alignment of these two regions reveals limited primary sequence homology but does highlight a common K/R-x-x-G-G-K motif (Figure 1E; , H4 [3] [4] [5] [6] [7] [8] ), which may mediate Fpr4(NL) binding. To determine if these amino acids are critical for Fpr4 binding, we tested the ability of a shorter peptide lacking this motif (H3 1-8) to recover Fpr4. Although as previously reported (Santos-Rosa et al., 2003) , this peptide is sufficient for interaction with Gcn5 ( Figure 1F ), it does not recover the Fpr4 NL domain, which suggests that amino acids 9-16 (KSTGGKAP) possess determinants necessary for Fpr4 binding.
Fpr4 Isomerizes H3P30 and H3P38
We next aimed to identify proline targets for Fpr4 isomerase activity. We assumed that such prolines would be in the histone tail of H3 or H4 for two reasons. Firstly, the binding sites for Fpr4 are in the tails of histones, and secondly prolines in unstructured domains are more prone to adopting the cis conformation (Pahlke et al., 2005) , and to be targets of isomerase activity compared to prolines in the structured core of histones. There are three prolines within the tail of H3 (P16, P30, and P38) and one proline (P32) in H4. To establish if histone tail prolines were substrates for Fpr4 we measured the ability of recombinant Fpr4 to catalyze isomerization of synthetic peptides containing these prolines (Figure 2A ). In accordance with an established protease-coupled proline isomerization assay (Fischer et al., 1984a (Fischer et al., , 1984b , H3 and H4 peptides were designed that contained each of the candidate prolines followed by a phenyalanine (F) and paranitroanaline (pNA) group. Chymotrypsin exclusively cleaves these peptides in the trans-proline conformation (Fischer et al., 1984a) and does so with kinetics much faster than the isomerization of proline. Thus, the cis-trans conversion rate can be measured as chymotrypsin dependent release of pNA, which is measured spectrophotometrically at 390 nm. Using this assay, Fpr4 was seen to have cis to trans isomerase activity on P30 and P38 of H3 but minimal activity toward H3P16 or H4P32 ( Figure 2B ). The increased isomerization of these peptides is dependent on Fpr4 catalytic activity, and not a contaminating enzyme, as a point mutation in the catalytic domain of Fpr4 (Fpr4[F323A] ) or treatment of wild-type Fpr4 with the inhibitor FK506 (Fpr4 + FK506) reduces the isomerization rate of P30 and P38 peptides to that of the uncatalysed reaction ( Figure 2B ).
An examination of the sequences flanking P30 and P38 reveals the presence of serine, arginine, and lysine residues which could potentially be modified. Of these, the only residue known to be modified in yeast is K36, which is methylated by the Set2 histone methyltransferase (Krogan et al., 2003; Landry et al., 2003; Li et al., 2002; Schaft et al., 2003; Strahl et al., 2002) . We considered the possibility that crosstalk could exist between the isomerization of P38 and methylation of K36 because there is a precedent for proline conformation serving as a determinant for adjacent posttranslational modification (Zhou et al., 2000) . In support of a functional antagonism between these two enzymes, we find that methylation of K36 eliminates the ability of Fpr4 to isomerize P38 in the peptide isomerization assay ( Figure 2B , H3-P38[meK36]). This result demonstrates that crosstalk does take place between K36 methylation and P38 isomerization in vitro.
Fpr4 Inhibits Methylation of H3K36 In Vitro
We next sought to establish if Fpr4 activity, and hence the proline conformation at P38, directly affects Set2 methylation of H3K36. We hypothesized that Fpr4 dependent proline isomerization of P38 could regulate K36 methylation levels if Set2 preferentially methylates peptides in either the cis or trans conformation at P38. This scenario would be analogous to Pin1 regulation of PP2A dephosphorylation of pS/T-P sites, which occurs only if the proline adopts the trans conformation (Zhou et al., 2000) . Directly measuring the modification of cis-and transproline-containing substrates in vitro is complicated by the fact that isomer interconversion occurs spontaneously. We therefore employed a kinetic analysis of methylation to decipher the impact of proline conformation on substrate lability. Synthetic peptides representing amino acids 29-43 of histone H3 were incubated with recombinant Set2 and 3 H-S-adenosyl methionine and methylation monitored by incorporation of 3 H into peptides. Figure 3A shows that methylation of unmodified peptide occurs rapidly in vitro as labeled peptide is detected as early as 2 min after Set2 addition ( Figure 3A , top). Recombinant Set2 is specific for K36 as a peptide trimethylated at this position is not modified by Set2 (data not shown). Introduction of recombinant Fpr4 to these reactions slows the rate of methylation as modified K36 is not detected until 5 min ( Figure 3A , middle). Fpr4 isomerase activity is responsible for this effect because addition of catalytically inactive Fpr4 has no influence on the kinetics of K36 methylation ( Figure 3A , bottom). Since peptidyl proline exists predominantly in the trans conformation, and addition of isomerase activity increases the cis content (Justice et al., 1990) , these results suggest that Set2 preferentially methylates K36 when P38 is in the trans conformation. We next asked if Fpr4 could regulate Set2 methylation of K36 in the context of nucleosomes. Set2 methylates nucleosomal H3 rapidly, as labeled H3 is detected within one minute ( Figure 3B , top). As observed with peptidyl substrates, Fpr4 antagonises K36 methylation, slowing the kinetics of this reaction 2-to 3-fold ( Figure 3B , middle). This effect is dependent on Fpr4 proline isomerase activity as addition of Fpr4 that has been pretreated with rapamycin (a potent FKBP inhibitor) does not retard the kinetics of methylation ( Figure 3B, bottom) . These results provide direct evidence for Fpr4 antagonising K36 methylation by regulating the cis-trans equilibrium at H3P38.
Methylation at H3K36 Requires P38
We next sought to establish if the effect of Fpr4 catalytic activity on H3K36 methylation is due to a direct effect on histones. If the increase in the methylation of K36 is (A) Schematic diagram of the chymotrypsincoupled proline isomerase assay. Synthetic hexapeptides representing the indicated histone prolines were synthesized with a C-terminal phenylalanine-para-nitroanaline moiety (FpNA). Chymotrypsin liberates the pNA group from only the trans-proline-containing peptide, and hence proline isomerization is proportional the rate of pNA release, monitored spectrophotometrically at 390 nm. (B) Fpr4 can isomerize proline 30 and proline 38 of histone H3. Synthetic peptides H3-P16 (GGKAPF-pNA);
H3-P30 (RKSAPF-pNA); H3-P38 (GVKKPF-pNA); H3-P38(meK36) (GVme3KKPF-pNA); and H4-P32 (GITKPFpNA), were incubated with WT (Fpr4, red) or catalytically inactive (Fpr4[F323A]), yellow) Fpr4 and isomerase activity measured as absorbance at 390 nm in a Molecular Devices SpectraMAX plus spectrophotometer. Spontaneous isomerization of peptide is shown in blue, and activity of FK506-treated Fpr4 in green.
a consequence of loss of isomerization of H3 prolines, we reasoned that elimination of isomerization capacity at these positions should have a similar effect to removing the proline isomerase activity of Fpr4. To this end we generated yeast strains bearing mutations (proline to valine) at the target sites of Fpr4 isomerization, H3P30 and H3P38. Extracts were then probed for methylation at K36 using a trimethyl-K36 specific antibody. Consistent with crosstalk existing between P38 and K36, mutation of P38 decreases global methylation of H3K36 ( Figure 4A , lane 2). Although dramatic, this reduction is not as severe as mutation of the site of methylation itself ( Figure 4A , lane 3) as we still detect K36 methylation in P38V yeast, particularly on longer exposures of immunoblots (data not shown). Mutation of the prolines P16 or P30 in the H3 tail ( Figure 4A , lanes 4 and 5) has no effect on methylation at K36. The ability of P38 to regulate K36 methylation is not a general effect on histone methylation since methylation of H3K79, detected by a trimethyl-K79 antibody, is not altered in the P38V mutant ( Figure 4A , [me]3-K79).
The results in Figure 4A could be explained simply by an inability of the trimethyl-K36 antibody to recognize its epitope when P38 is mutated. To exclude this trivial explanation, the antibody was characterized by peptide competition. Prior to the probing of bulk histones, the antibody was preincubated with K36 peptide that was unmethylated (À), methylated at K36 (Tri K36) or methylated at K36 with a valine at position 38 (TriK36 P38V). Figure 4B demonstrates that the me-K36 antibody does not discriminate between an epitope with a proline or valine at position 38 ( Figure 4B, lanes 3 and 4) . Thus the antibody against me-K36 does not have P38 as part of its recognition site and the differences in K36 methylation in extracts from yeast expressing WT and P38V histones H3 alleles represent true in vivo levels of this mark. Thus the results in Figure 4 indicate that only one of the prolines in the H3 tail (P38) is necessary for K36 methylation and that this proline is not required for the methylation of a distant lysine, K79.
The very local effect of H3P38 mutation on H3K36 methylation suggests that this proline may serve as the recognition site for the Set2 methyltransferase. To confirm that proline 38 has a direct connection with K36 methylation we also monitored a function associated with K36 methylation, namely transcriptional elongation. One assay for elongation efficiency is growth in the presence of 6-azauracil (6AU) as mutations in factors involved in this process can cause either resistance or sensitivity to this drug. Notably, set2 and H3K36A mutations lead to resistance to 6AU (Kizer et al., 2005; Krogan et al., 2003; Li et al., 2003) . Since H3P38 is necessary for efficient methylation of H3K36, we asked whether the P38V mutant is also sensitive to 6AU. Strains harbouring P/V mutations were grown to log phase, diluted, and plated in triplicate on selective media with and without 6AU. After 3 days growth, colonies were counted and the survival rates of each histone mutant calculated. This quantitative assay reveals that of the three prolines in the H3 tail, only yeast bearing a P/V mutation at position 38 are hyperresistant to 6AU ( Figure 4D ). This effect is not as striking as mutation the K36A mutation, but this is consistent with a residual amount of K36 methylation remaining in P38V yeast ( Figure 4A ). These results demonstrate that one of the proline targets of Fpr4 (P38) is epistatic with K36 methylation in vivo and strongly suggest this proline is part of the recognition site for the Set2 methyltransferase.
Fpr4 Is a Chromatin-Associated Enzyme that Regulates K36 Methylation
In order to establish the biological significance of Fpr4 mediated proline isomerization of histone H3, we first asked if Fpr4 was present on chromatin in vivo. Fpr4 was tagged with three copies of the flag epitope and its association with chromatin measured by ChIP analysis ( Figure 5A ). We observe that Fpr4 is detectable at multiple locations throughout the yeast genome representing both constitutively active (MPP10, RPL23b) and regulated genes (MET16, HIS4, HSP12) as well as intergenic nontranscribed regions (chromosome five, CHV) and silent mating type loci (HMR). To determine if chromatin association is unique to Fpr4, or a feature of FKBPs in general, we asked if yeast Fpr1 and Fpr3 are detectable on chromatin. Immunoprecipitation of TAP tagged proteins revealed that Fpr4 and to a lesser extent Fpr3, which also contains an NL domain, are associated with the coding region of the HSP12 gene. In contrast Fpr1, which lacks an NL domain, cannot be detected on HSP12 or other genes ( Figure 5B , data not shown). These results suggest that Fpr4 interaction with chromatin is mediated by its NL domain, which directly binds the tails of histone H3 and H4 (Figure 1 ).
Fpr4 Restricts Methylation of H3K36
We next asked if Fpr4 is able to regulate the amount of H3K36 methylation on chromatin in vivo, as it does in vitro ( Figure 3 ). Since H3K36 trimethylation is enriched within the coding regions of actively transcribed genes we first examined the amount of this mark at the constitutively transcribed RPL23b and MPP10 genes. At these regions neither deletion of Fpr4 (fpr4) nor abrogation of its catalytic activity (F323A) result in a change in the relative amount of trimethyl H3K36 ( Figure 5C ). However, K36 methylation levels at basally expressed uninduced genes (HSP12, HIS4, and MET16) are elevated in fpr4 yeast ( Figure 5C ). This repressive effect on methylation is mediated by the catalytic activity of Fpr4 since a point mutation (F323A) that eliminates its isomerization capacity ( Figure 2B ), has a similar effect as deletion of the gene ( Figure 5C ). We observe no increase in H3K36 methylation at the intergenic region of chromosome five (CHV), or at the silent mating-type locus (HMR), suggesting that removal of Fpr4 activity does not result in global changes in K36 methylation. Loss of Fpr4 activity may cause an increase in K36 methylation levels only at uninduced genes because methylation at K36 is not saturated at these sites, unlike active genes where K36 methylation is likely to be maximal. In other words, Fpr4 proline isomerase activity limits the extent of K36 methylation when genes are in an uninduced state.
Efficient Induction of Transcription Requires Fpr4
Activity As Fpr4 catalytic activity limits H3K36 methylation at uninduced genes, we investigated the consequences Fpr4 proline isomerase activity has on transcription of these genes. We initially measured the abundance of MET16 transcripts from WT and Fpr4(F323A) cells grown in synthetic complete media. Since we observed no appreciable difference in steady-state mRNA levels of MET16 under these conditions ( Figure 6A , lanes 1 and 6), we considered the possibility that the catalytic activity of Fpr4 may control the kinetics of induction rather than absolute levels of these transcripts. By following the induction of the MET16 gene in a time course experiment, we find that in wild-type yeast MET16 transcript is detectable within 10 min of a shift to media lacking methionine ( Figure 6A , WT Fpr4), whereas the Fpr4(F323A) mutant exhibits a delay in MET16 induction with transcripts accumulating comparable levels after 20 min ( Figure 6A , Fpr4 (F323A)).
To characterize the effect of Fpr4 on induction of a second gene, HIS4, cells were shifted to media lacking methionine and histidine, and mRNA harvested at the indicated time points. When transcripts are measured by real-time RT-PCR, we observe that cells lacking Fpr4 activity exhibit a delay in induction of MET16, as well as HIS4 ( Figures 6B  and 6C ). We next asked if the transcriptional impairment observed in fpr4 yeast is a direct consequence of elevated H3K36 levels. If so, deletion of the K36 methyltransferase (Set2) should suppress this defect. To directly test this hypothesis, we measured the rate of HIS4 induction in fpr4, set2, and fpr4set2 yeast ( Figure 6D ). As predicted, we find that an fpr4set2 mutant does not exhibit a defect in transcriptional induction compared to an fpr4 mutant ( Figure 6D ). This strongly suggests that the slower kinetics of induction observed in fpr4 yeast is caused by elevated methylation of H3K36. Taken together, these results indicate that the proline isomerase activity of Fpr4 is necessary for the rapid transition from a basally transcribed (uninduced) to highly expressed (induced) state of gene expression.
DISCUSSION
A Nuclear Proline Isomerase Is Targeted to Chromatin
Our results identify proline isomerization of histone tails as a novel chromatin modification that controls transcription. Our analysis of the FK506 binding protein Fpr4 shows that it can bind tightly to histone H3 and H4 tails in vitro using its nucleolin-like (NL) domain (Figure 1 ). This interaction places the Fpr4 peptidyl-proline isomerase (PPI) domain in close proximity with two of its proline substrates H3P30 and H3P38 (Figure 2 ). Thus the function of the NL domain of Fpr4 is reminiscent of the WW domain of Pin1 , as both domains mediate recruitment of isomerase enzymes to their substrates. In accord with these in vitro data, we and others observe that Fpr4 is broadly distributed in yeast chromatin at constitutively active and inducible genes, as well intergenic regions and rDNA repeats ( Figure 5A ; Kuzuhara and Horikoshi, 2004) .
Crosstalk Exists between Isomerization at P38 and Methylation of K36
Substrates for proline isomerases are difficult to identify due to a lack of a suitable in vivo assay for the isomerization event. Given that Fpr4 interacts with histone tails in vitro (Figure 1) , we reasoned that prolines located within the tails were likely targets for this enzyme. Indeed, we observe that two prolines in the tail of H3 are substrates for Fpr4 in vitro (Figure 2) . One of these prolines, P38, is situated in close proximity to K36, which is methylated by the Set2 histone methyltransferase. Several observations suggest that crosstalk exists between K36 methylation and P38 isomerization. First, methylation at K36 prevents Fpr4 from catalyzing the isomerization of P38 in vitro ( Figure 2B ). This implies that Set2 activity may antagonise Fpr4 isomerization of the H3 tail in vivo. Reciprocally, Fpr4 inhibits Set2 methylation of K36 in vitro (Figure 3) , and removing Fpr4 or its proline isomerase activity results in an increase in trimethylation of K36 in vivo ( Figure 5C ). Additionally, mutation of the Fpr4 substrate P38 in histone H3 reduces global methylation of K36 and confers hyperresistance to 6AU (Figure 4) . These results support the view that Fpr4 activity controls methylation of H3K36 via isomerization of H3P38. Further support for a connection between Fpr4, Set2 and histone H3 is provided in a recent report which has identified both Set2 and histone H3 in Fpr4 complexes (Krogan et al., 2006) .
Fpr4 Controls H3K36 Trimethylation and the Kinetics of Transcriptional Induction
Our data indicate that Fpr4 is present on the promoters and coding regions of both active and basally transcribed uninduced genes ( Figure 5A ). However, only basally expressed genes depend on its isomerase activity for control of both K36 methylation ( Figure 5C ) and transcription (Figure 6 ). On these genes, the catalytic activity of Fpr4 maintains low levels of H3K36 methylation and is necessary for the transition from uninduced (basal) to induced (highly transcribed) state. In support of H3K36 methylation inhibiting transcription, we observe that disruption of set2 (which eliminates H3K36 methylation) modestly accelerates HIS4 induction ( Figure 6D ). These results suggest inappropriate deposition of the K36 trimethyl mark impedes transcriptional activation, and are supported by the following previous findings: First, artificial recruitment of Set2 to a promoter represses transcription and this effect requires methyltransferase activity (Strahl et al., 2002) ; Second, Set2 was identified in a screen for factors required for repressing transcription to basal levels (Landry et al., 2003) ; Finally, there is recent evidence that methylation of H3K36 negatively regulates transcription by inhibiting cryptic initiation within genes (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al., 2005) .
In contrast, Fpr4 isomerase activity has no effect on K36 trimethylation or activity of constitutively transcribed genes ( Figures 5C and 6 ). Several explanations can account for this result. First, constitutively active genes are exposed to frequent passages of RNA polymerase II and, therefore, Set2. As a result, the trimethyl K36 mark is likely near saturation in these regions; hence loss of Fpr4 activity could not further elevate K36 trimethylation. Secondly (and not exclusively), Fpr4 activity could be antagonized at actively transcribed genes. In support of this model, methylation of K36 inhibits Fpr4 isomerization of P38 in vitro ( Figure 2B ), suggesting Set2 activity may override Fpr4 regulation. Alternatively, the enzymatic activity of Fpr4 may be occluded by steric hindrance (Set2 binding to K36), or directly regulated by a modification to inhibit its catalytic activity at sites of active transcription.
Proline 38 Conformation Determines Enzyme Recognition of H3K36
The results presented here demonstrate that Fpr4 controls the cis:trans equilibrium at P38 of H3. Modeling of the H3 tail shows that isomerization of P38 results in a dramatic conformational shift of the residues around K36 (Figure 7A ). It is difficult to imagine the active site of Set2 accommodating both cis and trans forms of the H3 tail. Since in vitro, addition of Fpr4 increases the cis content of peptides and reduces methylation by Set2 (Figure 3) , we suggest that the trans-proline conformation at P38 is recognized by Set2 and only in this local conformation of the H3 tail can Set2 methylate K36 efficiently.
The conformational shift shown in Figure 7A may also have consequences for the reverse demethylation reaction. JMJD2A, whose yeast ortholog is the Jhd1 enzyme, has recently been shown to posses a trimethyl K36 demethylase activity . Interestingly, the structure of the demethylase domain of this enzyme indicates that it has a deep catalytic cleft . This suggests that the substrate methyl-lysine containing peptide may need to adopt a particular conformation in order be accommodated in the JMJD2 active site. The hairpin-like bend mediated by the cis-P38 conformation ( Figure 7A ) may provide such a structure, making methyl K36 more accessible for demethylation. In this model the trans conformation at H3P38 would favor methylation of K36 by Set2, whereas the cis conformation of H3P38 would facilitate demethylation of H3K36 by JMJD2.
Effects of Isomerization and Methylation May Converge on Chromatin Architecture
Histone tails have been reported to exist in a variety of distinct conformations (White et al., 2001) , however the determinants of tail positioning in vivo are unknown. As depicted in Figure 7B , P38 is located at the base of the H3 tail near the tail-DNA intersection. Adoption of the cis (B) Positioning of Fpr4 substrates P38 in the nucleosome core particle (Luger et al., 1997 conformation at this position would place the tail nearer the DNA providing opportunity for tail-DNA interactions that might stabilize the cis conformation. Therefore, isomerization of H3P38 may have profound effects on the structure of chromatin because of its position within the nucleosome (Luger et al., 1997) .
The results presented here suggest Fpr4 catalytic activity may be required for formation of a higher-order chromatin structure. This model predicts that Fpr4 establishes a distinct chromatin state that leaves H3K36 inaccessible to Set2 ( Figure 7C ). As Fpr4 is located genome wide this likely represents the default state that is only perturbed upon passage of RNA polymerase. During active transcription, procession of the polymerase through genes necessarily disrupts nucleosomes which may expose H3K36 for methylation by Set2. This methylation inhibits Fpr4 from isomerising P38 ( Figure 2B ) and effectively locks the chromatin in an active state.
Nuclear Proline Isomerases in Higher Eukaryotes
The results presented here raise the possibility that other modifications on histones are regulated by proline isomerization. This may be particularly true in mammalian cells, where there is an increased complexity of histone modifications. For example, phosphorylation of H3S28 and methylation of H3K27, which are only found higher eukaryotes, may be affected by isomerization of P30. Histones H2A and H2B also have multiple proline residues in close proximity of modifiable amino acids.
There are several nuclear proline isomerase enzymes in higher organisms which could function analogously to yeast Fpr4. Of particular interest is the human ortholog of Fpr4(hFKBP25). FKBP25 is the only enzyme that has a detectable homology to the NL domain (albeit not the complete domain). Additionally, it interacts with nucleolin itself (Jin and Burakoff, 1993) . Intriguingly, FKBP25 also has been shown to coimmunoprecipitate with HDAC activity (Yang et al., 2001 ), and we observe that it is widely distributed in both heterochromatin and euchromatin in human cells (data not shown). In light of the crosstalk we observe between proline isomerization and histone methylation in yeast, it will be interesting to decipher how the isomerization of histone prolines contributes to transcriptional regulation in humans.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids
Histone point mutations were generated in plasmid pMR206 using the Quickchange site-directed mutagenesis kit (Stratagene). Mutant and wild-type control plasmids were introduced into the strain WZY42 (ura3-52, lys2-801, ade2-101, trp1D63, his3D200, leu2D1, hht1-hhf1::LEU2, hht2-hhf2::HIS3, YCp50 [HHT2-HHF2]) (Zhang et al., 1998) . Histone mutants were isolated as Trp+ UraÀ colonies via selection on media containing 5-FoA. Fpr4 and Fpr4(F323A) were expressed from pRS316-derived vectors, which were transformed into fpr4::KAN yeast. Strains used in Figure 6D were created by PCR-mediated disruption (set2::URA3, fpr4:KAN) and are derived from W303. All other strains are derived from the B4741 background and obtained from Open Biosystems. Disruption of fpr4 elevates K36 levels similarly in W303 and BY4741 strain backgrounds (data not shown).
Recombinant Proteins and Affinity Chromatography
Recombinant GST, GST-Fpr4, GST-Fpr4(F323A), GST-Fpr4(NL), and GST-Fpr4(PPI) were expressed in E. coli at 37 C and purified using a standard batch purification protocol. Following overnight dialysis into TBS/10% glycerol, aliquots were frozen at À80 C until used in binding, isomerase, or histone methyltransferase assays. Expression of recombinant Set2 (GST-Set2[1-298]) was performed similarly, except cultures were grown at 20 C for 4 hr in LB-AMP media, and all buffers were supplemented with 10 mM ZnCl 2 . Purified GST-Set2 (1-298) was then dialysed into Buffer S (50 mM Tris-HCL [pH 7.5], 150 mM NaCl, 1 mM CaCl 2 , 100 mM ZnCl 2 , 1 mM DTT, and 10% glycerol) and stored in aliquots at À80 C until used. Yeast histones were purified as described (White et al., 2001 ) and (5 mg) were mixed individually with GST or GST-Fpr4 fusion proteins in IPH-300 buffer containing protease inhibitors (50 mM TRIS [pH8.0], 300 mM NaCl, 0.5% Tween-20, 1 mM DTT). Binding was carried out at 4 C for 1 hr before glutathione agarose was added. Samples were further incubated for 30 min and washed with three successive 1 ml volumes of binding buffer before resuspension in SDS loading buffer and resolution by PAGE. For peptide affinity chromatography, binding was performed at 4 C for 1 hr in IPH-150 (50 mM TRIS [pH8.0], 150 mM NaCl, 0.5%
Tween-20, 1 mM DTT), followed by washing in IPH-300. Peptide affinity resins were made by coupling the indicated histone peptides, which contain a C-terminal cysteine residue, to Sulpholink resin following the manufacturers instructions (Pierce). Tailless and full-length histone H3 used in Figure 1B were a kind gift of Karl Nightingale.
Proline Isomerase Assay
The proline isomerase assay was performed as described (Shan et al., 1994) . 30 ml of a 1 mg/ml solution of GST-Fpr4, or GST-Fpr4(F323A) and 10 ml of 7.8 mM pNA peptide solution were used per 1 ml assay reaction. The progress of the assay was monitored in real time in a Molecular Devices SpectraMAX plus spectrophotometer. For FK506 treated samples, enzymes were treated with 1uM FK506 (A.G. Scientific) for 5 min prior to addition of chymotrypsin and peptide.
Histone Methyltransferase Assays Set2 methylation of K36 containing peptides was performed in HMT Buffer (50 mM TRIS [pH 9.0], 10% glycerol + protease inhibitors). 100 ml reactions containing 50 mg of unmodified or triK36 methylated H3 peptide (aa 29-43) and 0.37 MBq of 3 H-S-adenosyl-methionine were supplemented with 10 mg of GST, GST-Fpr4, or GSTFpr4(F323A), as indicated. Methylation reactions were initiated by addition of 2 mg of recombinant Set2 enzyme and vortexing. Aliquots (5 ml) were removed at the indicated times and immediately resuspended in an equal volume of 23 SDS sample loading buffer. Following brief boiling, samples were resolved by SDS-PAGE on 17% tricine gels, stained with Coomassie brilliant blue, treated with fluorographic enhancer (ENLIGHTENING, NEN), dried, and exposed to X-ray film at À80 C.
Methylation of nucleosomes (a generous gift from S. Sanders) was performed similarly except 20 mg of GST-Fpr4(PPI), and 10 mg of nucleosomes were used. Where indicated, Fpr4 was briefly preincubated with a 10-fold molar excess of rapamycin.
Chromatin IPs and Immunoblotting
Chromatin immunoprecipitation was as described (Santos-Rosa et al., 2004) . 3 ml of anti-trimethyl K36 (Abcam), 5 ml of anti-histone H3 (Abcam), 2 ml IgG (ICN), and 3 ml anti-FLAG M2 (Sigma) were used per immunoprecipitation reaction. For precipitation of TAP tagged proteins, 30 ml of a 50% slurry of IgG sepharose was used per IP. For immunoblotting, anti-trimethyl K36 and anti-trimethyl K79 antibodies (Abcam) were used at a 1:10,000 dilution. Details of primers used for quantitative real time-PCR are available upon request.
6AU Resistance
Yeast strains bearing point mutations in histone H3 and pR5316 were grown to log phase in SD-Ura, diluted and plated in triplicate on SD-Trp plates with and with out 100 mg/ml 6-azauracil. The amount of cells to plate was determined empirically to give 100-1000 colonies per plate and resistance to 6AU expressed as percent survival on 6AU (cfu 100 mg/ml 6AU:cfu SD-Trp).
RNA Extraction and Northern Hybridization 200 ml of yeast cultures expressing either Fpr4 or Fpr4(F323A) were grown to an OD of 0.4-0.5 in SD-Ura media. Cells were harvested by centrifugation, washed twice in 25 ml of SD-Ura-Met-His, and resuspended in 200 ml of the same. 40 ml of cells were harvested at the indicated time points and frozen immediately in dry ice/ethanol. Total RNA was isolated using a commercially available kit (Qiagen). Northern blots were probed with a 33 P labeled fragment corresponding to the entire MET16 or HIS4 open reading frame. cDNAs were generated using 1 mg of total RNA and Superscript III reverse transcriptase/random hexamers (In vitrogen). The primer sequences used for quantitative real-time PCR are available upon request.
